Constant-voltage and constant-current stimulators may be used for transcranial electrical stimulation of motor evoked potentials (tes-Mep). However, no previous report has determined whether the two monophasic stimulation methods lead to similar responses during intra-operative monitoring. We studied differences in the lateralities of compound muscle action potentials (CMAPs) during intraoperative spinal cord monitoring via tes-Mep using monophasic constant-current and constantvoltage stimulations. CMAPs were bilaterally recorded from the upper and lower limb muscles in 95 patients who underwent elective spine and spinal cord surgery. We used two monophasic stimulation patterns: pattern 1, right anode and left cathode; pattern 2, right cathode and left anode. There were no statistically significant differences between the right and left sides with respect to success rates, wave amplitudes, and efficiencies, with constant-voltage stimulation, however, there were statistically significant differences between the right and left sides with constant-current stimulation. In case of our stimulation condition, there were no statistically significant differences between the right and left sides with respect to CMAPs with constant-voltage stimulation; constant-current stimulation was influenced by the type of monophasic stimulation, which necessitates the switch the polarity of the stimulation to bilaterally record CMAPs.
Iatrogenic spinal cord injury is the most serious complication in spine surgery. Transcranial electrical stimulation of motor-evoked potentials (TES-MEP), an intraoperative spinal cord monitoring technique, is an essential tool used to avoid iatrogenic spinal cord injury during risky surgeries, such as scoliosis surgery, spinal cord tumour surgery as well as severe spinal canal stenosis due to degenerative spondylotic changes. TES-MEP can be used to intraoperatively monitor motor function by recording compound muscle action potentials (CMAPs) from target muscles of the upper and lower limbs [1] [2] [3] [4] . Previously, we have found that, in several instances, constant-voltage stimulation proves better than constant-current stimulation in terms of successfully evoking CMAPs 5 . Measuring CMAPs evoked by transcranial brain stimulation is minimally invasive and can be used to assess motor-related pathways connecting the motor cortex to the target muscle 6 . CMAP monitoring can also be used to establish the functions of the anterior horn cells and nerve roots in the spinal cord segment innervating the target muscle.
Transcranial stimulation involves an anode and a cathode placed on opposite sides of the body. It predominantly stimulates the brain on the anode side and evokes large potentials in contralateral muscles 4, 7, 8 . It may therefore be necessary to switch the anode-cathode laterality to record adequate muscle responses on both sides. However, to the best of our knowledge, no previous study has examined whether the anode-cathode laterality should be switched during spine surgery.
Generally, TES-MEP can be conducted with constant-voltage stimulators, which adjust the current to maintain the voltage, or constant-current stimulators, which adjust the voltage to maintain the current. Although, in several instances, we have found that constant-voltage stimulation proved better than constant-current stimulation in terms of successfully evoking CMAPs, no previous study has reported whether the methods generate responses equivalent to monophasic stimulation during intraoperative monitoring. However, this information is important for surgeons, providing knowledge of the weak point on intraoperative spinal cord monitoring.
The purpose of this study was to clarify the differences between the anode side and cathode side regarding CMAPs from target muscles of the upper and lower limbs by using monophasic TES-MEP with both constant-current and constant-voltage stimulators for intraoperative spinal cord monitoring in the same patient groups.
Methods
This prospective within-subjects study was approved by the Nara Medical University Ethics Committee and conducted in accordance with the principles of the Declaration of Helsinki. All patients provided written informed consent.
subjects. The potential subject pool consisted of 258 patients who underwent elective spine and spinal cord surgeries with TES-MEP-based monitoring of motor function between July 2014 and April 2016. Of these, 141 declined to participate. Both constant-voltage and constant-current stimulators were used for 117 patients. However, for 22 patients, the available clinical data were insufficient, consisting of only one monophasic stimulation pattern (the anode and cathode on the right and left sides or vice versa). We therefore ultimately included 95 patients (50 men and 45 women; 14 to 85 years old, mean: 61 years, standard deviation: 17 years). The patients were diagnosed with cervical spinal stenosis (n = 26), cervical ossification of the posterior longitudinal ligament (n = 3), cervical tumours (n = 2), lumbar canal stenosis (n = 32), lumbar spondylolisthesis (n = 4), lumbar spinal tumours (n = 3), thoracic tumours (n = 7), scoliosis (n = 3), or other spinal disorders (n = 15). Preoperative mild-to-severe motor weakness (manual muscle test score: 0−3) of any muscle was present in 21 patients.
Anaesthesia.
To minimize the suppressive effects of anaesthetics and neuromuscular blockers on MEP waveforms, anaesthesia was standardized for all patients. No medication was administered beforehand. Fentanyl, remifentanil, and propofol were used both to induce (doses: 2-4 μg/kg, 0.25-0.5 μg/[kg·min], and 3.0-5.0 μg/mL, respectively) and maintain (doses: 2-4 μg/kg, 0.20-0.5 μg/[kg·min], and 2.0-3.0 μg/mL, respectively) anaesthesia. These drugs were delivered via a TE-371 target-controlled infusion pump (Terumo, Tokyo, Japan). The depth of anaesthesia was adjusted to maintain a bispectral index of 40-60. After induction, 0.6 mg/kg of rocuronium was administered to facilitate tracheal intubation. No additional neuromuscular blockers were administrated after tracheal intubation to avoid pharmacological reduction of the MEP waveforms. We performed a train-of-four monitoring at the time of control MEP recordings, and if the ratio of the fourth response to the first response was not at least 0.80, then sugammadex was administrated to reverse the profound residual rocuronium-induced neuromuscular blockade before CMAP recordings were initiated. After tracheal intubation, the lungs were mechanically ventilated to maintain an end-tidal CO 2 partial pressure of 30-40 mmHg. A mixture of air and oxygen was administered. The rectal temperature was maintained at 35.5-37.0 °C. The degree of anaesthesia, end-tidal CO 2 partial pressure, as well as the body temperature may affect spinal cord monitoring [9] [10] [11] [12] . Therefore, these factors should be monitored intraoperatively.
stimulators. The parameters used for each stimulation type are shown in Table 1 . The constant-voltage stimulator used was SEN-4100 (Nihon Koden, Tokyo, Japan), and the constant-current stimulator was MS-120B (Nihon Koden). On the constant voltage stimulator, we recorded the current delivered at each stimulation time. Monophasic stimulation was delivered via anodal and cathodal stimulating electrodes that consisted of a pair of 14.5-mm silver-plated disc electrodes affixed to the C3 and C4 locations of the international 10-20 system ( Fig. 1) with a conductive paste. Briefly, a five-pulse stimulation train was delivered at 500 Hz with 2-ms interstimulus intervals. At the beginning of the TES-MEP recording, the stimulus intensity was set to 500 V and 200 mA, which were the maximal settings for both devices.
CMAP recording. CMAPs were bilaterally recorded from the skin over the abductor pollicis brevis, deltoid, abductor hallucis, tibialis anterior, gastrocnemius, and quadricep muscles using a Neuromaster MEE1232 intraoperative TES-MEP measurement system (Nihon Koden). A ground electrode was placed on the left or right forearm, 10 cm from the olecranon. Table 1 . The conditions of the stimulator set-ups at our hospital.
Constant Current Constant Voltage
www.nature.com/scientificreports www.nature.com/scientificreports/ study protocol. We used two monophasic stimulation patterns. In pattern 1, we placed the anode and cathode on the right and left sides, respectively, and in pattern 2, the direction of electrode placement was opposite (Fig. 2) . For each patient, we used both constant-voltage and constant-current stimulators with both stimulation patterns, for four conditions in total. We recorded baseline CMAPs in the first trial after the effects of rocuronium had disappeared. We applied the four conditions in random order. The interval between the CMAP recordings was at least 2 min to avoid residual effects from the previous stimulation. TES-MEP recordings were considered successful when the recorded amplitudes of CMAPs were greater than 50 µV 13 . We also calculated the delivered charge. The delivered charge was fixed for the constant-current cases at 200 μC (=200 (mA) × 0.2 (msec) × 5 (pulse stimulation train)). Meanwhile, we calculated the delivered charge for the constant-voltage cases: the delivered charge (μC) = ## (mA) × 0.05 (msec) × 5 (pulse stimulation train). Because it was difficult to standardize the degree of stimulation between constant-current and constant-voltage www.nature.com/scientificreports www.nature.com/scientificreports/ stimulations, we calculated the efficiency, the value of which was the wave amplitude for each muscle divided by the delivered charge, to standardize the obtained data from constant-current and constant-voltage stimulations. statistical analysis. Statistical analyses were performed using SPSS version 17.0 (IBM, Armonk, NY). For each analysed muscle, the success rates for baseline recordings obtained with constant-voltage or constant-current stimulators were compared with chi-squared tests, while the wave amplitudes were compared using Wilcoxon signed-rank tests. For the delivered-charge comparisons, we used the Student's t-test. Statistical significance was defined as p < 0.05.
Our study was registered in the Japan Primary Registries Network (registration number: UMIN000032651). The registration date was 20/05/2018. ethical approval. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Results
Calculation of total charge delivered. As mentioned above, the delivered charge was fixed for the constant-current cases at 200 μC.
The delivered current for the constant-voltage cases was 1028.5 ± 147.8 mA on pattern 1 and 1038.6 ± 149.2 mA on pattern 2. The calculated delivered charge was 257.1 ± 36.9 μC (95% CI: 249.6-264.6) on pattern 1 and 259.7 ± 37.3 μC (95% CI: 252.1-267.3) on pattern 2 for the constant-voltage cases.
There were statistically significant differences with respect to the delivered charge between constant-voltage and constant-current stimulations with pattern 1 and pattern 2 (p < 0.01).
success rates for each stimulation pattern in individual muscles. When using pattern 1, we found that the constant-current stimulator produced significantly higher success rates in the left-side muscles than in the right-side muscles, but with the constant-voltage stimulator, we did not observe statistically significant differences between the right side and left side with respect to the success rates (Table 2 ). When comparing the success rates obtained with the constant-current stimulator to those obtained with the constant-voltage stimulator in pattern 1, we found no significant differences in the left-side muscles, except for the left abductor hallucis (p = 0.03), where we observed a significantly higher success rate with the constant-voltage stimulator. However, we found significantly higher success rates with the constant-voltage stimulator in all the right-side muscles (Table 2) .
When using pattern 2, we found that the constant-current stimulator produced significantly higher success rates in the right-side muscles than in the left-side muscles, but with the constant-voltage stimulator, we did not observe statistically significant differences between right side and left side with respect to the success rates (Table 2 ). When comparing the success rates obtained with the constant-current stimulator to those obtained with the constant-voltage stimulator in pattern 2, we found no significant differences in the right-side muscles, except for the right deltoid (p = 0.03), abductor hallucis (p = 0.001), and quadriceps (p = 0.03), where we observed a significantly higher success rate with the constant-voltage stimulator. However, we found significantly higher success rates with the constant-voltage stimulator in all the right-side muscles.
Wave amplitudes in individual muscles during stimulation with patterns 1 and 2. When using pattern 1, we found that the constant-current stimulator produced consistently higher CMAP amplitudes in left-side muscles than in right-side muscles, but when using pattern 2, we found that the constant-current stimulator produced consistently higher CMAP amplitudes in right-side muscles than in left-side muscles (Table 3) . With both patterns, with the constant-voltage stimulator, we did not observe statistically significant differences between right side and left side with respect to CMAP amplitudes, except in the deltoid (Table 3) .
Efficiency for each muscle during stimulation with patterns 1 and 2. When using pattern 1, we found that the constant-current stimulator showed consistently higher efficiency with respect to the left-side muscles than right-side muscles, but when using pattern 2, we found that the constant-current stimulator showed consistently higher efficiency with respect to the right-side muscles than in left-side muscles (p < 0.01). With both patterns, with the constant-voltage stimulator, we did not observe statistically significant differences between right side and left side in terms of efficiency (p > 0.05) ( Table 4) .
The case illustrated below is representative of the results obtained in the subjects.
Illustrative case. An 81-year-old man had scoliosis and lumbar kyphosis. He did not exhibit any neurological deficits before surgery. Constant-current stimulation produced greater wave amplitudes on the side contralateral to the anode than on the side ipsilateral to it (Figs 3 and 4) , but with constant-voltage stimulation, we did not observe significant differences between right side and left side in terms of wave amplitudes (Figs 5 and 6 ).
Discussion
Many previous reports have highlighted the importance of MEP monitoring during spinal surgeries 14, 15 , and TES-MEP is regarded as the gold standard 7, 14, 16 . TES-MEP is relatively non-invasive and can be used to record CMAPs from numerous muscles in the upper and lower limbs. It also enables separate recordings from muscles on each side, which allows us to analyse laterality. This is convenient in the case of monophasic stimulation, as it may be necessary to switch the anode-cathode laterality in order to bilaterally analyse CMAPs intraoperatively. In contrast, biphasic stimulation, which is another reversed-phase stimulation method, can stimulate both sides of the brain almost simultaneously. This method enables the bilateral evaluation of spinal cord functions with a train of biphasic pulse stimuli without the need to reverse the polarity. Ukegawa et al. 17 have shown that biphasic stimulation with a constant-current stimulator is an effective TES-MEP monitoring method and may reduce measurement time. However, they only compared monophasic and biphasic stimulation with a constant-current stimulator and did not report on the effects of constant-voltage stimulators or monophasic stimulation. We previously reported that constant-voltage stimulation was superior in terms of achieving adequate wave amplitude to maintain intraoperative spinal cord monitoring than constant-current stimulation. However, we did not determine the differences of laterality under monophasic stimulation between constant-voltage and constant-current stimulations at that time. www.nature.com/scientificreports www.nature.com/scientificreports/ Here, we compared the success rates with respect to CMAP wave amplitudes and efficiencies obtained with monophasic stimulation using a constant-current stimulator to those obtained with a constant-voltage stimulator. With the constant-voltage stimulator, we did not observe statistically significant differences between right side and left side in terms of success rates, wave amplitudes, as well as efficiencies but with the constant-current stimulator, significantly greater success rates, wave amplitudes, and efficiencies were observed on the side contralateral www.nature.com/scientificreports www.nature.com/scientificreports/ to the anode. We therefore conclude that when using constant-current stimulators, it is necessary to switch the stimulation polarity to study muscle responses bilaterally in order to avoid the disadvantages of monophasic stimulation. Alternatively, it may be necessary to use biphasic stimulation 17 . We believe that this information is important for surgeons to maintain adequate intraoperative spinal cord monitoring to prevent spinal cord injury during surgery.
To our knowledge, this study is the first to compare the success rate of laterality with constant-current and constant-voltage stimulators in monophasic TES-MEP stimulation. Constant-voltage stimulation enabled us to bilaterally record CMAPs. This may be because constant-voltage stimulators act on deep pyramidal tracts beyond the pyramidal decussation, but we have no data to support the above statement. This is one limitation of our study.
Our study has several other limitations. First, our cases comprised patients with several different kinds of spinal disorders, with pathologies distributed over the entire spinal cord. Although this may broaden the applicability of our results, it introduces several potentially confounding factors that may have hindered the identification of differences between the techniques. Second, we studied only a few cases, mostly due to patient preferences in our potential subject pool. Third, we only analysed three variables: success rates, wave amplitudes, and efficiencies. Although it is potentially important to evaluate the degree to which the stimulation reaches the pyramidal tract, it was not clinically feasible in this study. Fourth, we used maximal stimulation levels for both stimulators. Although we found that constant-voltage stimulation outperformed constant-current stimulation in terms of successfully bilaterally evoking CMAPs, it is conceivable that the constant-voltage stimulation was simply more supramaximal than the constant-current stimulation. However, we could not elevate constant-current stimulation beyond 200 mA owing to the limitations of the device. Fifth, we placed the stimulating electrodes on C3 and C4 and did not test any other placements despite Legatt et al. 8 having reported that the Cz/Fz stimulating montage may more reliably bilaterally stimulate the lower limb motor pathways following a single stimulation. Additional studies are necessary to address these limitations. Sixth, anatomical and physiological aspects may affect the results of electrode laterality, although we recorded CMAPs from the upper and lower limb muscles under the same conditions in each subject. We believe that the anatomical and physiological aspects had a very small effect.
Conclusions
TES-MEP monitoring during spinal cord surgery can be achieved with either a constant-voltage stimulator or a constant-current stimulator. Here, we did not find statistically significant differences with respect to success rates, CMAP wave amplitudes, as well as efficiencies between the anode-cathode laterality with the constant-voltage stimulator (500V). In contrast, the results obtained with the constant-current stimulator (200 mA) were influenced by the anode-cathode laterality, such that greater success rates, CMAP wave amplitudes, and efficiencies were observed on the side contralateral to the anode. It is therefore necessary to switch the polarity of the stimulation to bilaterally record CMAPs. 
